We have developed a technique that allows splicing of liquid core optical fiber (LCOF) to standard fiber with low loss. As an example, we demonstrated ultralow threshold Raman generation in an integrated CS 2 filled LCOF.
Introduction
Liquids, a fascinating and pervasive state of matter, are important in many fields of scientific research as well as for life in general. In optics, liquids exhibit many interesting properties that can be explored to build useful photonic devices. LCOF was recognized very early on [1, 2] as a great way to investigate and explore the optical properties of liquids. These devices make long interaction length at strong field confinement possible which helps to enable nonlinear optical effects to happen at extremely low power levels. Many interesting applications of LCOF have been proposed and reported in the literature [3] [4] [5] [6] [7] .
We have developed a novel integrated platform for liquid photonics based on liquid core optical fiber (LCOF). The platform is created by fusion splicing liquid core optical fiber to standard single-mode optical fiber making it fully integrated and practical -a major challenge that has greatly hindered progress in liquid-photonic applications. The integrated LCOF (i-LCOF) platform opens up new possibilities for ultralow power nonlinear optics such as efficient white light generation for displays, mid-IR generation, slow light generation, parametric amplification, alloptical switching and wavelength conversion using liquids that have orders of magnitude larger optical nonlinearities compared with silica glass. As an example, we report here the realization of ultralow threshold Raman generation using an integrated CS 2 filled i-LCOF pumped with sub-nanosecond pulses at 1064nm and 532nm. The measured energy threshold for the Stokes generation is ~1nJ, about three orders of magnitude lower than previously reported values in the literature for hydrogen gas [8] , a popular Raman gain medium.
2.
Splicing of single-mode standard optical fiber to liquid-core optical fiber: Gap-splice In our experiments, we use fused silica capillaries. They have different inner tube diameters (10 m, 5 m and 2 m), the outer diameter is around 125m matching well with standard single-mode fibres. To perform the splice, the capillary is cleaved at zero degrees (a straight angle) but the standard fibre is cleaved with an angle of ~ 3-10 degrees (which helps to create a small gap after the fusion splice for liquid access). By optimizing the parameters of the heat source hole-collapse could be avoided and a relatively strong joint with a small gap for liquid access could be formed (Figure 1 .a). We have made a similar splice of SMF28 to another segment of SMF28 (Figure 1 .b) and the loss of the transition was measured to be only around 0.1 dB. This indicates that the small gap left after the splice does not create appreciable loss. Due to the fact that the fibers are fused only in a small area the joint is not as strong as a standard fusion splice. However, the structure could be handled and transported (with some care) to a holder (access port) where it can be fixed permanently using an appropriate epoxy. A similar gap-splice is made at the other end of the capillary tubing at a certain length to create the second access port for liquid filling. After filling with the liquid the access ports could be sealed and the structure remains stable for weeks. This technique integrates LCOF a) b)
with standard optical fiber in a compact and stable package without the need for free space alignment or complicated liquid handling procedures. We have successfully used these devices in a few applications including Raman spectroscopy, supercontinuum generation and low threshold Raman generation, as described below. We used a frequency doubled microchip laser (JDSU) that emitted sub-nanosecond (~ 500ps) Q-switched pulses as the pump source. The repetition rate of the source was ~ 1.5kHz. The laser beam was coupled into a short piece (1m) of Corning HI1060 fibre using a microscope objective and translation stages. The coupling efficiency was ~ 50%. The coupled power into the standard fiber was adjusted using a combination of a half waveplate and a polarizing beam splitter. For experiments in the visible, an IR filter was used to remove the residual 1064nm pulses. For experiments using 1064nm wavelength, the IR filter was replaced by a dichroic filter to remove the visible green beam.
After the coupling step, light was launched into the integrated LCOF by simply splicing to the HI1060 fiber at one end. The HI1060 fibre is single-mode at the 1064 nm pump wavelength and propagation through the LCOF is expected to be single-mode despite the fact that the fiber (2µm diameter and filled with CS 2 ) could support both the LP 10 and the LP 11 higher order mode based on the 3.75 V-number. Figure 2 .a shows the evolution of the laser output after propagating through the CS 2 filled LCOF. Several orders of Stokes Raman generation were seen as the pump power is increased. The threshold of stimulated Raman generation was at an extremely low pump pulse energy of ~2nJ (~3.5W peak power). This energy threshold is near three orders of magnitude lower than the value reported for hydrogen filled HC-PCF of similar length [8] . The ultralow threshold observed in our experiment can be attributed to the unprecedented confinement of the optical field, the long propagation length (~1m), and the large Raman gain coefficient of CS 2 . Up to 5 orders of stimulated Raman scattering are generated at only ~21nJ of coupled pump pulse energy. We expect to see more Raman lines at higher pulse energies but they would be out of the measurement range of the OSA. We saw a similar trend when the laser wavelength was switched to 532 nm ( Fig. 2.b ). 
Conclusion
We have developed a technique that allows splicing of liquid core optical fiber (LCOF) to standard singlemode optical fiber with low loss (<1dB). It is now possible to work with LCOF without the tedious alignment and handling procedures that have been traditionally required. Reference:
